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Piwi proteins are germline-specific Argonautes that
associate with small RNAs called Piwi-interacting
RNAs (piRNAs), and together with these RNAs are
implicated in transposon silencing. The PAZ domain
of Argonaute proteins recognizes the 30-end of the
RNA, which in the case of piRNAs is invariably modi-
fied with a 20-O-methyl group. Here, we present the
solution structure of the PAZ domain from the mouse
Piwi protein, MIWI, in complex with an 8-mer piRNA
mimic. The methyl group is positioned in a hydro-
phobic cavity made of conserved amino acids from
strand b7 and helix a3, where it is contacted by the
side chain of methionine-382. Our structure is similar
to that of Ago-PAZ, but subtle differences illustrate
how the PAZ domain has evolved to accommodate
distinct 30 ends from a variety of RNA substrates.INTRODUCTION
In most eukaryotes, the conserved family of Argonaute proteins
associate with small RNAs to participate in diverse gene
silencing mechanisms (Ghildiyal and Zamore, 2009). The ubiqui-
tously expressed members of the Ago subfamily associate with
21 nucleotide (nt) microRNAs (miRNAs) and small interfering
RNAs (siRNAs) to form the central component of the RNA-
induced silencing complex (RISC). Guided by the small RNA,
the RISC mediates posttranscriptional silencing by targeted
mRNA degradation or translational repression (Filipowicz et al.,
2008). In fission yeast, the single Argonaute protein incorporates
siRNAs to form a related RNA-induced transcriptional silencing
complex (RITS) that functions by inducing formation of hetero-
chromatin (Verdel et al., 2004). Some Argonautes are RNA-
guided endonucleases (Slicers) that catalyze cleavage of target
nucleic acids. Thus, at least some of the RISC functions can
be directly attributed to the enzymatic activity of its Argonaute
component (Parker et al., 2006; Patel et al., 2006a; Tolia and
Joshua-Tor, 2007). In prokaryotes, the role of the Argonaute
proteins remains obscure, but RNA cleavage has been demon-
strated in vitro with pAgo/DNA/RNA ternary complexes from172 Structure 19, 172–180, February 9, 2011 ª2011 Elsevier Ltd All rA. aeolicus and T. thermophilus (Wang et al., 2009; Yuan et al.,
2005).
Animal germlines express additional Argonautes that belong
to the Piwi subfamily. They associate with a class of 25–31 nt
small RNAs called the Piwi-interacting RNAs (piRNAs), which
are implicated in transposon silencing (Aravin et al., 2007). One
common feature of piRNAs in all systems analyzed so far is
that they derive from repetitive transposon-rich regions of the
genome. Considered together with the fact that Slicer activity
has been demonstrated for fly Piwi proteins, it is likely that Piwi
proteins execute part of their functionality by posttranscriptional
cleavage of transposon transcripts (Brennecke et al., 2007;
Gunawardane et al., 2007). In mammals, repeat-derived piRNAs
are also believed to guide Piwi proteins to mediate transcrip-
tional silencing by inducing DNA methylation of promoter
elements of transposon sequences (Aravin et al., 2008; Kuramo-
chi-Miyagawa et al., 2008).
Small RNAs interacting with members of the Ago and Piwi
subfamilies display distinct mechanisms of biogenesis. siRNAs
and miRNAs derive from long double-stranded RNA (dsRNA)
and stem-loop structures, respectively. These precursors are
processed by the RNaseIII enzyme DICER, which produces
duplex intermediates with characteristic 2 nt 30-overhangs. The
30 overhangs are important features recognized by the RNAi
machinery during small RNA biogenesis (Jinek and Doudna,
2009; Patel et al., 2006b). Subsequent processing involves
strand separation in Ago-containing complexes, resulting in the
mature single-stranded small RNA being loaded onto the Ago
protein. On the other hand, biogenesis of piRNAs is believed
not to include dsRNA precursors, a hypothesis supported by
the observation that piRNA production is unaffected in dicer
mutants (Houwing et al., 2007; Vagin et al., 2006). Long,
single-stranded RNA (ssRNA) precursors are the likely sources
of piRNAs (Aravin et al., 2007), but the exact mechanisms of
piRNA biogenesis are presently unknown.
All mature small RNAs are characterized by 50-monophos-
phate and 30-hydroxyl (OH) groups, features that are important
for their recognition by the RNAi machinery. Some Ago-bound
small RNAs also carry an additional 20-O-methyl marker on the
30-terminal nucleotide, as has been shown for miRNAs and
siRNAs in Arabidopsis (Yu et al., 2005). In Drosophila, miRNAs
are mainly loaded into DmAGO1, while siRNAs and a few
miRNAs associate with DmAGO2 (Tomari et al., 2007). Only
small RNAs associating with DmAGO2 are modified with theights reserved
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Recognition of piRNA 20-O-Methyl Mark by MIWI PAZmethyl marker (Ameres et al., 2010; Horwich et al., 2007; Yu
et al., 2005). In contrast, the 20-O-methyl group on the 30-terminal
nucleotide is recognized as a defining feature of piRNAs in all
animals studied to date (Ghildiyal and Zamore, 2009).
In plants (which lack piRNAs), the 30-end methyl marker is
added by the RNA methyltransferase enzyme HEN1, and is
known to enhance RNA stability by providing protection from
30-end uridylation activity (Li et al., 2005). In Tetrahymena, dele-
tion of the hen1 gene produces unstable, shortened scanRNAs
(equivalent to piRNAs), causing defects in programmed DNA
elimination (Kurth and Mochizuki, 2009). In flies, the HEN1
homolog is responsible for modifying both piRNAs and
DmAGO2-associated small RNAs. Loss of fly hen1 results in
reduced piRNA and siRNA stability, which in the case of
siRNAs is shown to be due to 30-uridylation and 30-exonuclease
activities (Ameres et al., 2010; Horwich et al., 2007; Saito et al.,
2007). Importantly, in all these systems, in the absence of
HEN1, nonmethylated small RNAs are still loaded properly into
their respective Argonaute proteins. Taken together, these
observations indicate a stabilizing role for the methyl marker
on small RNAs, subsequent to their loading into Argonaute
proteins.
The Argonaute proteins recognize RNA through their two
protein domains PAZ and PIWI, which bind the 30- and
50-ends, respectively (Jinek and Doudna, 2009). Structures of
full-length Argonautes in isolation or in complex with RNA
substrates have been solved only for prokaryotic thermophilic
organisms such asP. furiosus (Song et al., 2004),A. aeolicus (Ra-
shid et al., 2007; Yuan et al., 2005, 2006), and T. thermophilus
(Wang et al., 2009). The PIWI domain is structurally specialized
into a region with an RNaseH-like fold harboring the Slicer
activity, and the MID domain that contains a highly conserved
binding pocket for the 50-monophosphate of the small RNA
(Frank et al., 2010; Ma et al., 2005; Parker et al., 2005; Wang
et al., 2009). The PAZ domain also has nucleic acid-binding
properties, and structures of Ago-PAZ domains from Drosophila
and human have revealed the presence of an oligosaccharide/
oligonucleotide-binding (OB)-fold. When analyzed in complex
with RNA substrates, these structures also reveal how the 30-
terminal dinucleotide overhangs of siRNA duplexes or single-
stranded (ss)RNAs are inserted into a preformed hydrophobic
pocket constructed from conserved aromatic residues (Lingel
et al., 2004; Ma et al., 2004; Song et al., 2003; Yan et al., 2003).
RNA-binding studies with the PAZ domain of the human Ago
subfamily member, HsAGO1, indicate a preference for RNA
substrates lacking the 20-O-methyl modification (Ma et al.,
2004). Since piRNAs invariably carry such a modification
(Ghildiyal and Zamore, 2009), the PAZ domain of Piwi proteins
must accommodate an additional methyl group in its putative
30-end binding pocket. In order to understand this recognition
process, we determined the solution structure of the PAZ
domain from mouse Piwi-like protein 1 (PIWIL1; MIWI) (Girard
et al., 2006) bound to an 8-mer RNA, which was 20-O-methylated
at its 30-end. The methyl group is inserted into a hydrophobic
cavity, within which it is contacted by the long side chain of
a methionine residue. However, this methionine is not conserved
across the PAZ domains of the Piwi family, indicating that the
methionine contact is not essential for recognition of the piRNA
methylated 30-end. Conserved differences of residues betweenStructure 19, 17the central b barrel and the a helix/b hairpin motif between the
Piwi, Ago and Dicer families translate into subtle structural differ-
ences. The a helix/b hairpin motif is slightly displaced in the
MIWI-PAZ relative to Ago-PAZ, leading to a small widening of
the RNA binding pocket. In addition to representing the first
structural information for a ribonucleoprotein (RNP) complex
involved in the piRNA pathway, our structure reveals the mech-
anisms of 30-end methyl recognition and underlines the adapt-
ability of PAZ domains to bind RNAs with different sequences,
secondary structure, and modifications.RESULTS
piRNAs Associating with All Mouse Piwi Proteins Are
Modified at the 30-End
Mouse piRNAs in adult testis total RNA samples have been
demonstrated to show resistance to sodium periodate treat-
ment, suggesting that they are 30-terminally modified; this modi-
fication was identified to be a 20-O-methyl group (Kirino and
Mourelatos, 2007; Ohara et al., 2007). However, of the three
mouse Piwi proteins (see Figure S1 available online), only MIWI
and MILI are expressed in adult testes. The third Piwi member,
MIWI2, is coexpressed with MILI during embryonic development
(Aravin et al., 2008; Kuramochi-Miyagawa et al., 2008). To deter-
mine the methylation status of piRNAs interacting with all Piwi
proteins, we immunopurified the three Piwi proteins from adult
and embryonic mouse testes extracts and performed a b-elimi-
nation assay (Vagin et al., 2006). In brief, treatment of RNAs
carrying 20- and 30-hydroxyl groups with sodium periodate
(NaIO4) is followed by b-elimination, and loss of the terminal
nucleotide. In contrast, modification of either of the hydroxyl
groups prevents reaction with NaIO4. As shown in Figure 1A,
a synthetic nonmethylated control RNA migrates faster upon
treatment, while piRNAs associated with all three mouse Piwi
proteins show unaltered mobility, demonstrating that all mouse
Piwi proteins are associated with 30-end methylated RNA in vivo.RNA Binding
The binding of the MIWI-PAZ domain to methylated RNA was
monitored by NMR spectroscopy. The 2D 15N-1H spectra of
the MIWI-PAZ domain upon titration of a 6-mer ssRNA of
sequence 5
0
CGACUU3
0
carrying a 20-O-methyl group at the 30-
end are shown in Figure 1B. The NMR resonances of the bound
and free protein forms are in fast-to-intermediate exchange,
indicating a dissociation constant for the complex in the mM
range. This number was verified using surface plasmon reso-
nance and found to be 0.9 mM (Table 1, vide infra). 1H-15N chem-
ical shift changes of MIWI-PAZ in the presence of 6-, 8-, or 15-
mer RNAs with the same 30-end sequence are virtually identical,
indicating that only the last 6 nucleotides contribute to the
binding. As in other PAZ-RNA complexes, the RNA binding site
maps to the region of the cleft formed by the central b barrel
and the a helix/b hairpin motif (Figure 2) (Lingel et al., 2004; Ma
et al., 2004). As a comparison, we repeated the titration using
a dsRNA with a 30-end 2 nt overhang. Substantial chemical shift
perturbations are shown by the same protein residues as in
Figure 1B (Figure S2A), indicating that MIWI-PAZ recognizes
ssRNA and dsRNA with a 2 nt overhang using the same surface.2–180, February 9, 2011 ª2011 Elsevier Ltd All rights reserved 173
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Figure 1. AllMousePiwi Proteins Bind piRNAswithModified 30-Ends
(A) Piwi proteins were immunoprecipitated (IP) from adult or embryonic day
18 (E18) mouse testes and subjected to periodate oxidation and b-elimination
(b-el). RNAs were visualized by 50-end labeling. Nonmethylated synthetic
RNAs were shortened by one nucleotide and migrate faster in a 15% urea-
PAGE gel, while methylated piRNAs did not show any change in mobility.
RNA markers with length in nucleotides (nt) are indicated. , without b-el; +,
with b-el.
(B) NMR 2D 15N-1H correlation spectra showing the chemical shift changes of
the 1H-15N resonances of the MIWI-PAZ domain upon addition of a 6-mer
ssRNA (5
0
CGACUU3
0
-20-OMe).
(C) Chemical shift perturbation of 1H-15N resonances upon addition of two
equivalents of the 6-mer RNA. Differences were calculated as O[(DdH)
2 +
0.2*(DdN)
2]. Prolines are indicated with asterisks. Most of the 1H-15N reso-
nances of loop b3-b4, b4-b5, and b6-b7 could not be assigned either in the
free or the bound protein. Additional missing data points are due to missing
assignments in the bound form. A similar plot reporting on the chemical shift
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174 Structure 19, 172–180, February 9, 2011 ª2011 Elsevier Ltd All rWe then used surface plasmon resonance (SPR) to determine
the affinity of the wild-type MIWI-PAZ domain for RNAs with
different secondary structures and modifications. Six RNA
constructs were used, with 10, 2. and 1 nt overhangs, all with
and without a 30-end 20-O-methyl group (Table 1). The MIWI-
PAZ domain has a strong preference for long 30-end overhangs,
which mimic ssRNA for the purpose of binding. The affinity of
MIWI-PAZ for ssRNA is 30 times stronger than for dsRNA with
a 2 nt overhang, and it drops another 4-fold when comparing
RNAs with 1 nt overhangs to those with 2 nt overhangs. Consis-
tent with the fact that fly Piwi proteins are able to bind nonmethy-
lated piRNAs in vivo (Horwich et al., 2007; Saito et al., 2007), the
MIWI-PAZ domain shows only a modest preference for methyl-
ated RNA (2-fold), which is independent of the length of the
overhangs.
Structure of the Mouse MIWI-PAZ Domain in Complex
with 20-O-Methylated ssRNA
The solution structure of the MIWI-PAZ domain in complex with
an 8-mer RNA (5
0
ACCGACUU3
0
) 20-O-methylated on the 30-end
uridine was determined by NMR (Table 2; see Experimental
Procedures) (PDB accession code 2xfm). TheMIWI-PAZ domain
has the same fold as the PAZ domains of the Dicer and Ago
proteins (Figures 2A and 2B; Figure S1). The core of the domain
is formed by a short b barrel. It is flanked by two a helices on
one side and an a helix and b hairpin on the other (Figure 2).
The RNA binds in the cleft formed by the central b barrel and
the a helix/b hairpin motif (Figures 2B and 2D). Overall, the posi-
tion of the 20-O-methyl group togetherwith its sugarmoiety iswell
definedbya total of 22observeddistances to theprotein (Table 2;
Table S1). Two additional hydrogen bonds between the
30-hydroxyl and the 20-methoxy groups of the terminal nucleotide
to the carbonyl and amide groups ofM382were added in the final
refinement step, as these groupswere consistently found to be in
close proximity in structures calculated without the hydrogen
bond restraints. The remaining 12 RNA-protein and 44 RNA-
RNA distances define the backbone trace of the RNA less accu-
rately. There are no intermolecular NOEs involving the first two
50-end nucleotides, in agreement with the proposal that a 6-mer
RNA is sufficient to cover the binding site. Some of the protein
side-chain resonances at the binding site (in particular, the three
highly conserved, F333, Y346, and Y347 residues in the a helix/
b hairpin motif) and the RNA resonances are exchange-broad-
ened, which results in a poor definition of RNA nucleotides 3-7
in the complex (Table 2). The broadening of the RNA and protein
resonances at the binding site can be either due to the low affinity
of theRNA for thePAZdomain (KD=0.9mM),whichcancause line
broadening because of the exchange between the free and
bound forms, or due to structural plasticity at the interface.
The 20-O-methyl group at the 30-end of the RNA is deeply in-
serted into the binding pocket and interacts with F333 on the
b hairpin and M382 and A381 on strand b7 of the core b sheet
(Figures 2B and 3A; Figure S3A). The long side chain of M382
bends from the back of strand b7 to contact the RNA methyl
group. In agreement with this interaction, an M382A mutantchanges of the 1H-15N resonances of MIWI-PAZ upon addition of a 15-mer
ssRNA and a 30-mer dsRNA with a 2 nt overhang is shown in Figure S2A.
See also Figure S1.
ights reserved
Table 1. Binding Affinities of MIWI-PAZ Domain and Different RNAsMIWI
PAZ Domain 10 nt Overhang
10 nt Overhang
20-O-Methyl 2 nt Overhang
2 nt Overhang
20-O-Methyl 1 nt Overhang
1 nt Overhang
20-O-Methyl
WT MIWI-PAZ 2.0 ± 0.2 0.9 ± 0.1 55 ± 2 27 ± 1 >100 >100
M382A MIWI-PAZ 9.7 ± 0.3 2.0 ± 0.1 ND ND ND ND
F343A MIWI-PAZ 15 ± 1 15 ± 1 ND ND ND ND
SPR-derived dissociation constants of wild-type (WT) and mutant MIWI-PAZ domains for RNAs with overhangs of different lengths with and without
30-end modification. The exact sequence of the RNAs is given in Experimental Procedures. KDs are given in mM. ND, not determined.
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Recognition of piRNA 20-O-Methyl Mark by MIWI PAZhas a 2-fold reduced affinity for 30-endmethylated RNA (Table 1).
However, a methionine at this position is not conserved across
the Piwi proteins (Figure S1), indicating that this contact is not
essential for methyl group recognition. Additional interactions
are observed between the sugar protons of the terminal nucleo-
tide and F333, A381, and L383, and between U8-H50/H500 and
A381-Hb (Figure 3A; Table S1). For the remaining five nucleo-5’
3’
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Figure 2. Overview of the Structure of the Complex between the
MIWI-PAZ Domain and the 30-End 20-O-Methylated RNA
50ACCGACUU3
0
(A) Overlap of the ten lowest energy NMR structures of the MIWI-PAZ-piRNA
complex (PDB access code 2xfm). The PAZ domain is colored by structural
motifs: a1, a2, magenta; central b-barrel b1, b2, b3, b6, b7, b8 blue; a helix/b
hairpin motif a3, b4, b5, yellow. The color code for the protein secondary struc-
ture elements corresponds to that used in (C). The RNA is in green. The struc-
tural statistics are given in Table 2.
(B) Lowest energy structure of the ensemble shown in (A). Protein residues
having NOEs with the RNA (Table S1) are shown in sticks.
(C) Schematic representation of the PAZ domain topology with numbering of
the secondary structure elements.
(D) Surface representation of the MIWI-PAZ domain colored by electrostatic
charge: white, neutral; blue, positive; red, negative. The RNA is colored by
atom type: C green, N blue, O red, P orange, H white.
Structure 19, 17tides of the RNA, we observe a number of contacts between
RNA ribose rings and strand b2 of the central b barrel (T317,
Y318, and R319) and the C terminus (L393) (Figures 2B and
3B; Figure S3B).
The second-last nucleotide shows no intermolecular and only
very few intramolecular NOEs. The intermolecular contacts
involving nucleotides 3–6, however, induce a stretched confor-
mation in the phosphate backbone between U8 and U7. In
comparison to the HsAGO1-PAZ-siRNA complex, the RNA
appears to have slid up by approximately 1 nucleotide, with
the second-last nucleotide in the MIWI-PAZ-piRNA complex
approximately occupying the position of the third-last nucleotide
in the HsAGO1-PAZ-siRNA structure. The protein surface
covered by the 2 nt overhang in the HsAGO1-PAZ-siRNA
complex is covered only by the last 30-terminal nucleotide in
the MIWI-PAZ-piRNA complex.
The NMR titration of theMIWI-PAZ domain with a siRNAmimic
(dsRNA with a 2 nt overhang) indicates that the same protein
surface is involved in recognition of the dsRNA (Figure S2A),
but does not provide detailed information on the binding mode
of MIWI-PAZ to dsRNA. The 30-fold higher affinity of MIWI-
PAZ for ssRNA with respect to dsRNA with a 2 nt overhang
confirms that this domain has evolved to optimize binding to
ssRNA (Table 1). In contrast, HsAGO1 has been shown to bind
dsRNA with a 2 nt overhang with higher affinity than longer
overhangs (Ma et al., 2004). In agreement with this finding, trial
structure calculations performed with a forced helical geometry
for nucleotides 1–6 demonstrated that the intermolecular NOEs
observed for MIWI-PAZ in complex with the 8-mer ssRNA are
not compatible with dsRNA structure.
The conformational features of the piRNA on the MIWI-PAZ
binding surface raise the question as to whether, when methyl-
ated at the 30-end, RNAs with 1 nt overhangs can bind Piwi-PAZ
domains with similar affinity as RNAswith 2 nt overhangs. To test
this hypothesis, we used surface plasmon resonance (SPR) to
determine the affinity of MIWI-PAZ for methylated and nonme-
thylated RNAs with 10 nt overhangs (mimicking ssRNA for the
purpose of binding), and 2 and 1 nt overhangs (Table 1). The
affinity of MIWI-PAZ for RNAs with 1 nt overhangs is poor and
less than that for RNAs with 2 nt overhangs, irrespective of the
methylation state.
DISCUSSION
The Overall Binding Topology of RNA
to Piwi- and Ago-PAZ Domains Is Similar
The overall features of the 30-end RNA recognition in the
HsAGO1-PAZ-siRNA (or DmAGO2-PAZ-RNA) and in the2–180, February 9, 2011 ª2011 Elsevier Ltd All rights reserved 175
Table 2. NMR and Refinement Statistics for the MIWI-PAZ-piRNA
Complex Structure
Distance constraints (protein/RNA/inter)
Total NOE 2118 (2039/44/34)
Intraresidue 917/36
Interresidue
Sequential (ji – jj = 1) 380/8
Medium-range (ji – jj < 4) 271
Long-range (ji – jj > 5) 471
Hydrogen bonds (protein/inter) 14(12/2)
Total dihedral angle restraints
f 80
c 80
RNA (sugar pucker) 3x3
RNA (c) 5
RNA (backbone) 45
Structure Statistics
Deviations from idealized geometry
Bond lengths (A˚) 0.0038 ± 0.0001
Bond angles () 0.58 ± 0.01
Impropers () 1.38 ± 0.11
Violations (mean and SD)
Distance constraints (A˚) 0.022 ± 0.002
Dihedral angle constraints () 0.75 ± 0.08
Average pairwise RMS deviation** (A˚)
Heavy (complex) 1.71 ± 0.19
Backbone (complex) 1.07 ± 0.22
Heavy (protein + U8) 1.35 ± 0.17
Backbone (protein + U8) 0.81 ± 0.21
Heavy (protein only) 1.35 ± 0.16
Backbone (protein only) 0.80 ± 0.20
Heavy (RNA only) 2.66 ± 0.31
Backbone (RNA only) 1.57 ± 0.36
Ramachandran plota
Most favored 87.5% ± 1.4%
Additionally allowed 10.3% ± 1.5%
Generously allowed 1.6% ± 1.2%
Disallowed 0.7% ± 0.6%
aAverage rmsd to the mean structure and Ramachandran plot were
calculated for residues 2–90 and 105–118 of the protein and residues
3–8 of the RNA for the ten lowest energy structures, excluding unstruc-
tured termini and the long flexible b6-b7 loop (protein residues 91–104).
The structures were refined in a shell of water molecules.
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Figure 3. Molecular Contacts between MIWI-PAZ and RNA
(A) Binding cleft of the 30-end 20-O-methyl group. The methyl group is recog-
nized by a hydrophobic cleft consisting of F333, A381, and M382.
(B) Hydrophobic and electrostatic contacts of the 50-end of the piRNA with
MIWI-PAZ. L393 (C-terminal tail) contacts the ribose of C3. R319 of sheet b2
is in place to form a H-bond with the phosphate of G4. A stereo-view of the
two panels is given in Figure S3.
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Recognition of piRNA 20-O-Methyl Mark by MIWI PAZMIWI-PAZ-piRNA complexes are similar. In the HsAGO1-PAZ-
siRNA structure, the 30-end ribose displays two hydrogen bonds
involving the RNA30-OH and 20-OH and theCOandNHgroups of
Y336, respectively. The same hydrogen bonds can be formed in
our structure between the RNA 30-OH and 20-O-methyl groups
and the carbonyl and amide groups of M382. In both complexes,
the last ribose of the RNA shows hydrophobic contacts with resi-
dues of the b barrel and the a helix/b hairpin insert (MIWI-PAZ-
A381, L383, F333 corresponding to HsAGO1-T335, L337,
F292) (Figure 3A; Figure S3A).176 Structure 19, 172–180, February 9, 2011 ª2011 Elsevier Ltd All rThe backbone traces of the RNA on the central b barrel of the
Piwi- and Ago-PAZ-RNA complexes are also similar (Figure S4).
Two basic residues on b2 are highly conserved among all Piwi-
and Ago-PAZ domains (HsAGO1-R275 and R278, MIWI-K316
and R319) (Figure S1). In MIWI, the side-chain protons of R319
display a number of NOEs to the C3-ribose; the arginine side
chain is in most structures of the ensemble appropriately placed
to form hydrogen bonds to the backbone phosphate of G4
(Figure 3B; Figure S3B). Correspondingly, the mutations
DmAGO1-R355A (Yan et al., 2003) and HsAGO1-R278A
(Ma et al., 2004) have been shown to reduce the RNA binding
affinity by more than 10-fold.
In HsAGO1-PAZ, the C-terminal Q348, which is highly
conserved across the Ago-PAZ family, establishes a hydrogen
bond to the RNA phosphate backbone, whereas in MIWI-PAZ,
a hydrophobic patch comprising L393 is found at this position.
The side chain of L393 shows numerous contacts to the ribose
ring of C3.
Comparison of PAZ Domain Structures
When superimposing MIWI- and HsAGO1-PAZ on the central
b barrel, we observe an upward shift of the a helix/b hairpin
insert in MIWI-PAZ by approximately one turn of helix a3
(Figure 4A). The observed shift of the insert can be rationalized
by sequence analysis of the eukaryotic PAZ domain families. All
Piwi-PAZ domains have an aromatic residue (Phe or Tyr) at the
position of MIWI-F343 and a long aliphatic residue (Ile, Leu, or
Met) at the position of MIWI-I384. By contrast, Ago-PAZ
domains mostly feature a valine (HsAGO1-V306) at the position
of the aromatic amino acid in a3 (MIWI-F343) and a conserved
proline (HsAGO1-P338) at the position of the long aliphatic chain
in b7 (MIWI-I384) (Figures 4A and 4B; Figures S1 and S5). The
presence of a bulky aromatic side chain at position 343 would
not be compatible with the relative arrangement of the a helix/b
hairpin insert and the core b barrel in HsAGO1-PAZ. In MIWI,
favorable packing is achieved between the two structural
elements in a different fashion, involving contacts betweenights reserved
AD
B C
Figure 4. Comparison of RNA Recognition in MIWI and HsAGO1
The structures are superimposed on the Ca atoms of the core b barrel (sheets b1–3, 6–8) with a coordinate root-mean-square deviation of 0.67 A˚.
(A) Stereo-view of the RNA binding pocket with important residues (see text) highlighted. Helix a3moves out and up by about one helix turn in MIWI (protein gray,
RNA green) compared with HsAGO1 (protein red, RNA gold).
(B and C) RNA 30-end in the PAZ binding pocket of MIWI-PAZ (B) and HsAGO1 (C). In theMIWI-PAZ-piRNA complex (B), the RNA backbone between the ultimate
and penultimate nucleotide is extended; the RNA register is shifted by approximately 1 nucleotide along the binding surface of the protein compared to the
HsAGO1-PAZ-siRNA complex (C).
(D) Sequence alignment of MIWI and human AGO1-PAZ domains indicating structural motifs and key amino acid residues forming the 30-end binding cleft.
See also Figures S4–S6.
Structure
Recognition of piRNA 20-O-Methyl Mark by MIWI PAZF343 and I384 (Figure 4A; Figure S5). The MIWI-F343A mutant
shows a 6-fold reduced affinity for 20-O-methylated RNAs
compared with wild-type MIWI indicating that the tight packingStructure 19, 17of the a helix/b hairpin insert and b7 of the core b barrel is
important to ensure optimal coordination of the methyl group
(Table 1).2–180, February 9, 2011 ª2011 Elsevier Ltd All rights reserved 177
Structure
Recognition of piRNA 20-O-Methyl Mark by MIWI PAZIn DmAGO2, I678 occupies the position of HsAGO1-V306,
while the residue at the position of HsAGO1-P338 is conserved.
The longer side chain in the a helix/b hairpin insert is accommo-
dated by a slight sideways shift of this element with respect to
the b barrel core (Figure S6). In contrast, in Dicer-PAZ domains
(Macrae et al., 2006), which feature an aromatic residue on a3
at the position of MIWI-F343 or HsAGO1-V306, but share the
proline on b7 with the Ago-PAZ sequence (HsAGO1-P338,
MIWI-I384), the a3 helix is positioned in between those of
hsAGO1 and MIWI with respect to the b barrel core (Figure S5).
Consequences of Structural Differences between PAZ
Domains for RNA Binding
As a result of the shift of the a helix/b hairpin insert with respect to
the b barrel core in MIWI, the base of the RNA binding pocket is
slightly wider than in HsAGO1-PAZ, where F292 closes the
pocket from the bottom; the corresponding side chain (F333) in
MIWI moves up with respect to the central b barrel and contacts
the RNA from the side. MIWI-Y346 takes the place of HsAGO1-
Y314 instead of HsAGO1-Y309, as would be inferred from
sequence alignment (Figure 4A; Figures S1 and S5). The
widening of the RNA binding cleft in MIWI nicely accommodates
the 30-end 20-O-methyl group, which would partly clash with
F292 in HsAGO1 (Figure S6). These structural features are
reflected in the strong preference of hs-AGO1 for nonmethylated
RNA (Ma et al., 2004), while MIWI shows amodest preference for
30-end methylated RNA (Table 1). In DmAGO2, which binds
methylated RNA in vivo (Ameres et al., 2010), the replacement
of V306 by I678 (Figure S1) and the resultant movement of the
a helix/b hairpin insert away from the core b barrel (Figure S6)
creates more space for an additional bulky methyl-group on
the 20-OH of the terminal sugar. It is interesting to note that other
Ago-PAZ domains with a longer aliphatic side chain in the same
position are those from organisms with 30-end methylated si/
miRNAs, including those from Arabidopsis thaliana.
Overall, the structure and analysis presented here reveal a deli-
cate dependence of the structural details of PAZ domains
belonging to different families on conserved sequence elements.
These subtle structural changes can be correlated to the ability
of PAZ domains to adapt to RNA substrates with different
secondary structure, sequence and chemical modifications.
EXPERIMENTAL PROCEDURES
Sample Preparation
The PAZ domain (residues 276–425) of MIWI (Mouse Piwi-like protein 1,
UniProt code Q9JMB7) was cloned into the pETM-11 vector (EMBL collection)
between restriction sites NcoI and NotI, yielding an expression construct with
an N-terminal His-tag separated from the PAZ sequence by a TEV protease
cleavage site. This vector was transformed into Escherichia coli BL21 Rosetta
2 cells (Novagen) for protein expression.
Cell culture was performed using M9 minimal medium supplemented with
30 mg/ml-1 chloramphenicol and 50 mg/ml-1 kanamycin, and containing 15N-
labeled ammonium chloride and 13C-labeled glucose as appropriate. After initial
growth at 37C to an optical density of 0.6, protein expression was induced by
addition of 1 mM IPTG, and the temperature reduced to 20C. Incubation was
continued for 20 hr before harvesting the cells by centrifugation.
Cells were resuspended in buffer A (20 mM Tris-HCl, 10 mM imidazole,
300 mM NaCl [pH 7.5]) containing 0.2 mg/ml lysozyme, 2 U ml1 RNase-free
DNase (Promega), 10mMb-mercaptoethanol andEDTA-free protease inhibitors
(Roche), and lysed by French press. After centrifugation, the cell lysate was178 Structure 19, 172–180, February 9, 2011 ª2011 Elsevier Ltd All rloaded onto a His-TRAP FF column (GE Healthcare) and washed extensively in
buffer A, buffer B (20 mM Tris-HCl, 40 mM imidazole, 300 mM NaCl [pH 7.5]),
andbufferC (20mMTris-HCl, 10mMimidazole, 1MNaCl [pH7.5]) prior toelution
in buffer D (20 mM Tris-HCl, 250 mM imidazole, 300 mM NaCl [pH 7.5]). After
exchange into buffer A, the eluate was reloaded onto the column, and the
washing and elution steps repeated. The N-terminal His-tag was cleaved by
overnight incubation at 4C in buffer E (50 mM Na2HPO4, 10 mM imidazole,
150 mM NaCl [pH 7.4]) containing TEV protease. The reaction mix was
exchanged into buffer A and uncleaved protein removed by reverse purification
with the His-TRAP FF column. The purified PAZ protein was exchanged into
buffer F (50 mM Na2HPO4, 150 mM NaCl [pH 7.4]) for NMR studies.
The 8-mer RNA (5
0
ACCGACUU3
0
) with 20-O-methylation of the 30-end uridine
was obtained from IBA (Goettingen, Germany). For preparation of the PAZ-
RNA complex, the RNA was dissolved in a small volume of buffer F, heated
for 5 min at 70C and after slowly cooling to room temperature added to the
PAZ protein. Superase (Ambion) was added to the sample (1 U/ml) to inhibit
residual RNase activity. Samples were prepared with a 2-fold molar ratio of
RNA to protein. Protein concentrations for double-labeled samples were
0.20–0.40 mM.
NMR Experiments
NMR data were collected on Bruker Avance III 600 MHz and 800 MHz spec-
trometers, equipped with HCN triple-resonance cryo-probes. Spectra were
acquired at temperatures of 300 K and 310 K. Protein backbone assignments
for free PAZ and the PAZ-RNA complex were obtained from a combination of
HNCO, HNCA (Grzesiek and Bax, 1992; Schleucher et al., 1993; Yamazaki
et al., 1994), HNCACB (Muhandiram and Kay, 1994; Wittekind and Mueller,
1993), and HNCOCACB (Yamazaki et al., 1994) out-and-back triple-resonance
experiments. Protein side-chain resonances in both free PAZ and the PAZ-
RNA complex were assigned from (H)CCH-TOCSY and H(C)CH-TOCSY
(Kay et al., 1993) spectra, and amide-detected (H)CC(CO)NH-TOCSY and H
(CCCO)NH-TOCSY (Grzesiek et al., 1993; Montelione et al., 1992) experi-
ments. For free PAZ, (HB)CB(CD)HD and (HB)CB(CDCE)HE spectra (Yamazaki
et al., 1993) were acquired to aid assignment of aromatic protein resonances.
RNA resonances in the PAZ-RNA complex were assigned from dou-
ble-12C,14N-filtered 2D NOESY and TOCSY spectra (Zwahlen et al., 1997).
Secondary structure elements were identified by analysis of the chemical
shift index (Wishart and Sykes, 1994) and NOE cross peak pattern. Distance
constraints were collected from 3D 15N-NOESY (tm = 100 ms), 3D
13C-edited
NOESY (tm = 100 ms), 3D
13C-edited/filtered NOESY (tm = 150 ms), and 2D
12C- filtered NOESY spectra (Zwahlen et al., 1997).
Data were processed with NMRPipe (Delaglio et al., 1995) and analyzed
using NMRView (Johnson and Blevins, 1994).
Structure Calculation and Refinement
The experimentally determined distance and dihedral angle restraints were
applied in a simulated annealing protocol with CNS/ARIA1.2 (Linge et al.,
2003a). All NOEs were manually assigned. The CNS Erepel function was used
to simulate van der Waals interactions with an energy constant of 25.0 kcal
mol-1 A˚-4 using ‘‘PROLSQ’’ van der Waals radii (Linge and Nilges, 1999).
Distance restraints were employed with a soft square-well potential using an
energy constant of 50 kcal mol-1 A˚-2. For hydrogen bonds, distance restraints
with bounds of 1.8–2.3 A˚ (H-O), and 2.8–3.3 A˚ (N-O) were imposed for slowly
exchanging amide protons. Dihedral angle restraints derived from TALOS
(Cornilescu et al., 1999) were applied to4 andc backbone angles using energy
constants of 200 kcal mol-1 rad-2. On the RNA, dihedral angle restraints were
applied for 5 c angles (A1, C3, G4, A5, C6), as derived from the analysis of the
NOEs. For the three nucleotides where the c angle assumes the syn conforma-
tion (A1, G4, A5), the ribosewas additionally restrained to theC30-endo confor-
mation. All RNA backbone dihedrals were restrained to a broad range of al-
lowed conformations (a, z ˛ [25,335], b ˛ [50,290], g ˛ [20,335], d ˛
[55,175], 3 ˛ [155,310]). For g, a conformational energy term was added
to the force-field, which restricts the dihedral angle to ranges around three
minima, according to Edih (1 + cos(3*g+18)). The final ensemble of NMR
structures was refined in a shell of water molecules (Linge et al., 2003b; Nozi-
novic et al., 2010). The statistics for an ensemble of 10 lowest-energy solution
structures (out of 100 calculated) is reported in Table 2. Structural quality was
analyzed using PROCHECK (Laskowski et al., 1993).ights reserved
Structure
Recognition of piRNA 20-O-Methyl Mark by MIWI PAZImmunoprecipitations and b-Eliminations
Piwi immunoprecipitations and b-eliminations were performed as previously
described (Kirino and Mourelatos, 2007; Reuter et al., 2009).
Surface Plasmon Resonance
Surface plasmon resonance (SPR) experiments were performed at 25C on
a Biacore T100 machine (Biacore AB, Uppsala, Sweden). The RNA constructs
were designed to consist of a duplex with biotin attached to the 30-end of one
strand and 30-extensions of different length on the complementary strand
leading to 1, 2, or 10 nt overhangs, which were either nonmethylated or
20-O-methylated at the ribose of the 30-end. The RNA sequences are (the nucle-
otides in bold indicate the overhangs): 10 nt overhang, 50 UGACAUGAACACA
GG UGC UCAGAUAGCUUU 30; 2 nt overhang, 50 UGACAUGAACACAGGUG
CGCUU 30; 1 nt overhang, 50 UGACAUGAACACAGG UGCGC U 30. Each
25 mM biotinylated RNA and complementary strands with different overhangs
were incubated for 2 min at 90C and cooled to room temperature over 45 min
in 20 mM Tris (pH 7.5), 100 mM NaCl, 2 mM EDTA to form duplexes. The
annealed dsRNA was subsequently diluted to 25 nM in Biacore running buffer
(PBS [pH 7.4], 0.05% Tween 20, 1 mMDTT) and immobilized on a strepavidin-
coated biosensor chip. The nonmodified sensor surface served as reference.
Two-fold serial dilutions of wild-type and mutant PAZ proteins ranging from
100 to0.098mMwere injectedasanalytesat a flowrateof 30ml/minand theequi-
librium dissociation constants determined by steady-state affinity evaluation.
Alignment of PAZ Domains
We collected 40 eukaryotic protein sequences predicted or known to contain
the PAZ domain according to the annotations of their records in the NCBI’s
Entrez database (Sayers et al., 2010) and domain predictions in the PFAM
(Finn et al., 2010) and CDD databases (Marchler-Bauer et al., 2009) from
Homo sapiens (9 sequences), Mus musculus (8), Drosophila melanogaster
(7), Schizosaccharomyces pombe (1), Arabidopsis thaliana (14), and Giardia
lamblia (1). The sequences of their PAZ domains were taken according to
the positions given by the match to the CDD database, aligned, and then
extended or shortened according to the alignment (done with ClustalW;
Thompson et al., 1994)) in an iterative process. The alignment was supported
by data from known 3D structures and secondary structure predictions (using
JPRED3; Cole et al., 2008). The resulting alignment was used to build a phylo-
genetic tree in ClustalW.
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Coordinates and NMR data have been deposited in the Protein Data Bank with
the accession code 2xfm.
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